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ABSTRACT 
MALARIA TRANSMISSION DYNAMICS 
SEPTEMBER 1994 
ROSMARIE KELLY, B.A., HIRAM COLLEGE 
M.S., THE OHIO STATE UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor John D. Edman 
Malaria occurs in a wide variety of environments. This 
tends to complicate the development of control strategies. 
In addition, vectorial capacity (the probability that a given 
vector will acquire, incubate, and transmit a disease 
organism) has been shown to vary greatly among both 
individuals and populations of vector species. Variability 
is influenced by both intrinsic and environmental factors. 
Understanding the effect of the environment on the vectorial 
capacity of mosquitoes would aid in the development and 
implementation of new control strategies. 
Body size and adult nutritional status of adult 
mosquitoes are two major factors thought to influence 
vectorial capacity. Both are influenced by changes in the 
environment. Various pesticides used in the control of 
mosquito populations also have been reported to influence 
acquisition and transmission of malaria parasites. Studies 
reported here focus on the impact of these extrinsic factors 
on the ability of the mosquito to acquire, incubate and 
transmit malaria parasites. 
Four hypotheses were tested in these experiments. These 
were: (1) large mosquitoes transmit malaria to more hosts 
Vll 
during multiple feeding than small mosquitoes, (2) sugar 
taken before an infected blood meal and blood taken after an 
infected blood meal will increase acquisition and 
transmission of malaria, (3) mosquitoes exposed to sublethal 
doses of Bti will be less likely to acquire and transmit 
malaria than unexposed mosquitoes, and (4) developing oocysts 
promote the survivorship of the vector by inducing delays in 
subsequent egg-laying and blood-feeding. 
Two different models, an Anopheles Stephensi - 
Pld.siuod.ium henghei — mouse model and an Aedes aegypti 
Plasmodium gallinaceum - chicken model, were used to test 
these hypotheses. Both models were used to test the first 
hypothesis. This hypothesis was found to be true for Aedes 
aegypti. The hypothesis was also found to be true for 
Anopheles Stephensi if the mosquitoes fed daily, but not true 
if they fed in quick succession. The Aedes aegypti model was 
used to test the second hypothesis. This hypothesis was not 
found to be true. The Anopheles stephensi model was used to 
test the third hypothesis. This hypothesis was not found to 
be true. The fourth hypothesis was tested using the Aedes 
aegypti model. The work presented here does not support the 
hypothesis. However, these experiments were preliminary, so 
more work is needed before any conclusions can be drawn. 
• • ■ 
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CHAPTER 1 
LITERATURE REVIEW 
i 
Malaria 
Malaria is a disease caused by protozoan parasites 
belonging to the genus Plasmodium (Eucoccida: Plasmodiidae). 
Human malaria is one of the most widespread and important 
arthropod-borne diseases. It is estimated that over 50% of 
the world's population is at risk from malaria (Gilles 1989). 
While primarily a disease of the tropics, human malaria is 
also found in many temperate areas in the Americas, the 
Middle East and Asia (Oaks Jr. et al. 1991) . 
The life cycle of this parasite involves two hosts: a 
vertebrate, and an insect, which also serves as the vector. 
The parasite has 3 distinct phases: 2 asexual, in the liver 
(exoerythrocytic) and blood (erythrocytic) of the vertebrate 
host, and 1 sexual, in the midgut of the vector (Appendix A) . 
More than 100 species of Plasmodium have been described; four 
cause disease in humans. Malaria also affects primates, 
rodents, birds, and reptiles. Mammalian malarias are 
transmitted by species of Anopheles. Bird and reptile 
malarias are most often transmitted by culicine mosquitoes in 
the genus Aedes or Culex, although one reptile malaria is 
transmitted by phlebotomine sand flies (Harwood & James 
1979). Classic clinical symptoms of malaria in humans 
include fever, chills, and anemia. The four species of human 
malaria are closely related, but there are distinct 
1 
differences among them (Oaks Jr. et al. 1991). Plasmodium 
falciparum, the most pathogenic of the four, is more closely 
related to avian and rodent strains of malaria, making these 
< 
species appropriate models for the study of human malaria 
transmission (McCutchan et al. 1984). 
Mosquitoes 
Mosquitoes belong to the family Culicidae, of which 
there are three subfamilies. Two of these, the Anophilinae 
and the Culicinae, contain the medically important genera. 
There are nearly 400 species of Anopheles, some 50-60 of 
which have been implicated as vectors of human malaria. Only 
about 30 of these are considered significant vectors (Oaks 
Jr. et al. 1991). There are more than 2500 species of 
culicine mosquitoes. Although they are not implicated as 
vectors of human malaria, mosquitoes in the genera Aedes and 
Culex are important in the transmission of bird malaria. 
Mosquitoes undergo complete metamorphosis, passing 
through aquatic larval and pupal stages to the adult stage. 
Most mosquito larvae feed on particulate matter suspended in 
the water column, floating on the water surface, or attached 
to submerged substrates. Adult female mosquitoes feed on 
both sugar from plant sources and blood. Males feed only on 
sugar. Blood feeding is necessary for egg production in most 
mosquito species. 
2 
Vectorial Capacity_(VCj 
Human malaria shows marked seasonality and erratic 
epidemic patterns in most localities. Many factors involved 
4 
in this variability are not well understood and this limits 
the accuracy of estimates of vectorial capacity (VC) and the 
development of control strategies. 
The current transmission model for malaria, based on the 
modified MacDonald equation (MacDonald 1952; Garrett-Jones 
1964), over-simplifies the complex interactions involved. 
MacDonald (1952) developed the original equation to describe 
malaria transmission over 40 years ago; it was modified by 
Garrett-Jones (1964) 12 years later. The equation is VC = 
2 n 
——, where VC is the vectorial capacity (parasite 
-In p 
inoculation rate or new infections disseminated/case/mosquito 
/day), m is vector density in relation to host, a is man 
biting rate (feeding frequency x human blood index), p is the 
probability of vector survival (daily), and n is the 
parasite's extrinsic incubation period (days). This equation 
allowed malariologists to estimate the amount of transmission 
in a human population based on characteristics of the vector 
population (Appendix B) . This information was important to 
the development and implementation of control strategies. 
Except for attempts to adapt it to arbovirus transmission 
(Reisen 1989), this equation has never been appreciably 
altered. Vector biologists now realize the limitations of 
this equation for calculating vectorial capacity but 
currently lack the biological database needed to correct it. 
3 
The following assumptions 1 
nherent in this transmission model 
are often not met: 
- Female mosquitoes have only one host contact per egg 
I 
cycle. 
- Mosquitoes readily locate hosts and successfully 
acquire blood whenever needed. 
- Infected mosquitoes always become capable of disease 
transmission (i.e. 100% vector competence). 
- Individual malaria vectors and human hosts have equal 
probability of contact and of parasites exchange. 
- Malaria parasites do not contribute to the efficacy of 
their own transmission. 
Consequently, the model contains 
assumptions. A brief description 
several false or untested 
of each of these issues 
follows. 
Biting Frequency 
The man-biting rate (a) is derived from the biting 
frequency and the proportion of bites taken on humans. 
Vectorial capacity varies as a square of this parameter. Man 
biting tendencies have been investigated in great detail, but 
feeding frequency has not. It is normal practice to express 
the biting frequency as a reciprocal of the length (m days) 
of the vector's gonotrophic cycle in nature (Garrett-Jones & 
Shidrawi 1969), the assumption being that mosquitoes only 
blood-feed once per gonotrophic cycle (every 3-4 days for 
most Anopheles). However, the ovarian cycle is usually 
4 
estimated from laboratory observations only. In addition, it 
has been shown that many mosquitoes, including Anopheles 
(Burkot et al. 1988; Briegal & Horler 1993), may take more 
r 
than one blood meal per egg cycle. Multiple blood-feeding 
and probing (which have never been adequately measured in the 
past) , would lead to an increase in the man-biting parameter 
and, therefore, in the vectorial capacity of the population. 
A variety of factors have been shown to affect biting 
frequency. Blood-fed mosquitoes may continue to host seek 
without developing eggs, particularly if the nutritional 
state of the female is marginal due to low nutrient levels in 
the larval environment (Klowden 1986). Even in nutritionally 
competent females, the switch from host seeking to 
oviposition behavior is controlled by the amount of blood 
ingested, previous sugar feeding, and perhaps age (Klowden & 
Lea 1979; Klowden 1988). In addition, recent evidence 
suggests that Anopheles may actually be acyclic feeders, 
taking blood meals regardless of their ovipositional status 
(Briegal & Horler 1993). Host defensiveness can promote 
small, interrupted blood meals, with a greater tendency 
toward multiple host contact within a single gonotrophic 
cycle (Walker & Edman 1985). Increased biting density of 
mosquitoes is known to result in increased host defensiveness 
and multiple blood feeding by the mosquito (Edman & Kale 
1971). Culex nigripalpus often resume blood feeding when 
interrupted after a partial blood meal (Edman et al. 1975), 
and Ae. aegypti quickly resumed feeding on the same or a 
5 
different host when their feeding is interrupted (Hien 1976) . 
Evidence suggests that gonotrophically old mosquitoes are 
more likely to engage in multiple feeding (Klowden 1988) . 
i 
Blood Meal Size and Infectivity 
The vectorial capacity equation assumes that all blood 
meals taken from malarious hosts lead to mosquito infection. 
However, MacDonald himself found that only 10-17% of bites on 
infected hosts led to mosquito infection (MacDonald 1952) . 
This is further compounded by the fact that not all infected 
mosquitoes develop transmissible salivary gland infections 
(Kittayapong et al. 1992). Superimposed on these variables 
is the issue of adult body size. Large females are able to 
take larger blood meals than smaller females (Klowden & Lea 
1978). This should lead to an increase in the number of 
pathogens ingested, and thus in the intensity of the 
sporozoite infection in the mosquito. The significance of 
this rests on the fact that, in malaria, the parasite 
inoculation rate influences the severity of symptomatic 
disease (James et al. 1936). 
If the pathogen density in host blood is marginally 
infective, meal size may also influence whether the vector 
becomes infected at all (Eyles 1951). Laboratory results 
from Thailand show a positive relationship between body size 
and the number of P. falciparum oocysts in An. dirus females 
(Kitthawee et al. 1990) . However, despite a positive trend, 
mosquito size had no statistically significant influence on 
6 
the infectivity of An. dims (Kitthawee et al. 1990) , or on 
the infectivity or oocyst number in An. quadrimaculatus 
infected with P. yoelii (Wing et al. 1985) . 
» 
Daily Survival 
A mosquito must feed at least twice, within an interval 
of 10-14 days, to obtain, incubate, and transmit most malaria 
parasites. The expectation of infective life is defined as 
the mean number of days of life in the infective condition 
per mosquito. It is a function of the probability of daily 
survival (p) and the parasite7s extrinsic incubation period 
in days (n) (Garrett-Jones 1964). It assumes that the 
probability of survival is the same for all females in the 
population and, therefore, that all females are equally 
successful in locating hosts and acquiring blood. Data 
concerning arbovirus transmission indicates that survival of 
female mosquitoes is the single most important parameter in 
predicting epidemics (Scott et al. 1983). Body size has been 
found to vary seasonally and to influence feeding frequency 
and longevity. Larger Ae. aegypti and Ae. punctor live 
longer and have an increased tendency to contact hosts (Nasci 
1986; Packer & Corbet 1989). Nasci reported that, for most 
species examined, large body size is a good indicator of 
either increased survival or increased blood-feeding success 
(Nasci 1987) . 
7 
Determinants of Body Size 
Higher larval rearing temperatures lead to reduced adult 
size and to slower speed of blood-feeding; the latter may be 
i 
due to reduced salivary duct size (Mellink et al. 1982). The 
availability of nutrients in the larval habitat, besides 
affecting adult nutritional status, also affects the size of 
emerging adults (Hare & Nasci 1986). Competition among 
larvae for food leads to significantly smaller adults 
(Klowden & Lea 1978; Nasci 1987). 
There is often a wide range in body size among 
individual mosquitoes collected in the field (Nasci 1986, 
1987; Paulson & Hawley 1991; Kittayapong et al. 1992). 
Generally, adult body size is positively correlated with 
adult survivorship and larval nutrition, and negatively 
correlated with developmental temperature (also in part 
related to nutrition) (Reisen et al. 1984). Field evidence 
indicates that blood feeding success (as measured by parity) 
is positively correlated with size (Packer & Corbet 1989) . 
Both laboratory and field results show a significant 
relationship between the size of female An. dims and 
survivorship, and between body size and blood meal size 
(Kitthawee et al. 1990). In Malaysia, Kittayapong et al. 
(1992) found that the mean size of malaria-infected An. 
maculatus cohorts were significantly larger than most 
uninfected cohorts collected at the same time and place. 
8 
Adult Diet and Vectorial Capacity 
The vectorial capacity equation assumes that all female 
mosquitoes have an equal probability of host contact and 
parasite exchange. However, adult diet can affect both 
longevity and blood-feeding success. A basic assumption has 
been that sugar is needed for prolonged survival of female 
mosquitoes; blood alone decreases survival (Nayar & Sauerman 
1975). However, more recent field studies fail to 
demonstrate regular sugar feeding (Edman et al. 1992), or any 
survivorship advantage associated with sugar feeding (Day et 
al. in press), in Ae. aegypti. Nectar feeding may have the 
effect of reducing the probability of multiple feeding 
behavior; sugar-fed gravid females have reduced host-seeking 
behavior (Klowden 1988), while starvation increases the 
chance of multiple feeding in Ae. aegypti (Klowden 1986) . 
Developing oocysts are a burden on mosquito metabolism; 
infected females use more glucose than uninfected females 
(Maier et al. 1987). Additional blood meals could have 
either an inhibiting or an enhancing effect on oocyst 
production depending on the timing of these meals (Gass 
1977). Inhibition of oocyst production occurs when 
additional blood meals are taken during digestion of the 
previous infective blood meal. This may result because 
mechanisms of digestion are modified under these conditions 
(Gass 1977) . Survival of plasmodial stages, especially up to 
10 hrs after infection, is strongly influenced by mosquito 
digestive enzyme levels (Gass 1977). Midgut contents are 
9 
digested over a period of 24-48 hrs at 27 C, with an 
increase in digestive enzymes observed 2-8 hrs after feeding 
and the peak of enzymatic activity occurring 20-30 hrs after 
the blood meal (Graf 1989) . It may take up to 48 hrs for the 
malaria parasite to begin penetration of the gut wall (Oaks 
Jr. et al. 1991). 
Since blood feeding is risky, it also seems likely that 
the presence of immature oocysts might have the effect of 
inhibiting blood feeding or egg laying until the mosquito 
becomes infective. Delays in feeding could benefit the 
parasite by maintaining optimum gut conditions. It would 
also increase the longevity of its vector, as each 
gonotrophic cycle decreases the probability of mosquito 
survival (Nayar & Pierce 1980; Ungureanu 1974). However, 
laboratory studies have shown that older mosquitoes are more 
resistant to malaria infection unless they have had previous 
blood meals (Klowden 1986). Also, reduced erythrocyte 
ingestion by the mosquito following the infected blood meal 
has been found to reduce oocyst production (Ungureanu 1974) . 
Thus, the presence of developing oocysts could stimulate 
additional feeding during the times when additional nutrients 
would enhance oocyst growth (Ghosh & Ray 1957; Ponnudurai et 
al. 1989) . 
Salivation and Sporozoite Transfer 
Mosquitoes salivate before ingesting blood (Griffiths & 
Gordon 1952), and sporozoites are transmitted during this 
10 
phase of feeding. Contact with more than one host, even if 
blood uptake is not achieved, potentially enhances vectorial 
capacity. This is dependent on the number and speed of 
i 
release of sporozoites during sequential probes. Interrupted 
sequential feedings may cause reduced transmission efficiency 
if the number of parasites injected declines (Davies 1990; 
Rosenberg et al. 1990) . 
Early work on sporozoite transmission indicated that if 
the number of sporozoites inoculated was small, the 
probability of unsuccessful inoculation was high (Boyd 1940) . 
There is little information available as to numbers of 
sporozoites transmitted per feeding attempt, however, as few 
as ten sporozoites has been found to induce P. virax 
infection (Kettle 1984). The infectivity of a repeatedly 
probing mosquito depends on the availability of sporozoites 
for release during salivation (Ribeiro et al. 1984). When 
mosquitoes were induced to probe into oil films there was a 
tendency for sporozoites to be ejected in the first drops of 
saliva (Rosenberg et al. 1990). However, early workers 
showed that a single mosquito can infect more than one person 
during a single day (Mitzmain 1916). Infected mosquitoes 
take longer to feed and are more likely to be interrupted 
than uninfected mosquitoes (Rossignol & Rossignol 1988) . 
Since each probe by an infected mosquito only releases 
approximately 1% of the salivary gland sporozoites (Janzen & 
Wright 1971), it should be possible for one mosquito to 
infect a series of hosts. 
11 
If salivary gland size is highly correlated with body 
size (and therefore, with wing length), as the literature 
suggests (Mellink et al. 1982), then the "arming time" 
involved in release and recharge of sporozoites may be 
influenced by the size of the mosquito as well. Mosquito 
salivary gland ducts are lined with cuticle to the distal 
portion of the gland (Janzen & Wright 1971). Thus, it may be 
that sporozoites amongst the cells of the gland are not 
immediately transferable to the ducts and available for 
injection. Moreover, the number of sporozoites within the 
duct at any one time may be dependent on the size of the 
salivary gland and the length and width of its duct (Sterling 
et al. 1973) . 
Parasite—Host—Vector Interactions 
Models of arthropod-borne disease transmission assume 
that individual vectors and hosts have an equal probability 
of exchanging parasites. They also assume that the parasite 
has no effect on any transmission parameter. However, in the 
laboratory it has been shown that mosquitoes feed more 
successfully on malarious mice at the time when gametocytes 
are most infective (Day & Edman 1983). This is due to a 
corresponding parasite-induced decrease in defensive behavior 
by the rodent host. In addition, destruction of red blood 
cells (RBCs) leads to host anemia, which delays clotting and 
aids feeding (Daniel & Kingsolver 1983). It has been 
postulated that hosts experiencing fever may be more 
12 
attractive to mosquitoes, but data on this point are 
inconclusive (Day & Edman 1984; Turell et al. 1984) . 
Increased attraction resulting from temperature elevation, 
combined with lessened defensive behavior and increased ease 
of feeding due to anemia (Day & Edman 1983; Daniel & 
Kingsolver 1983; Turell et al. 1984) or parasite-disrupted 
haemostasis (Rossignol et al. 1985), could contribute to 
infected hosts being fed on more often than uninfected hosts 
(Day & Edman 19 84) . 
Parasites also can enhance their own transmission by 
modifying parameters associated with vector probing 
(Rossignol & Rossignol 1988). Parasite transmission is 
favored by prolonged intradermal probing (Rossignol et al. 
1984). Mosquito saliva is known to enhance blood-finding 
ability, consequently shortening probing time. Sporozoites 
in the apical portion of the salivary glands cause lesions 
that impair the apyrase activity of saliva (Ribeiro et al. 
1984). Apyrase inhibits aggregation of platelets. Loss of 
apyrase activity causes mosquitoes to probe more often, 
leading to increased transmission of sporozoites. Because 
increased probing leads to increased host irritation, the 
probability of interruption and multiple feeding would likely 
increase as well. In Kenya, P. falciparum infected An. 
gambiae s.l. and An. funestus from indoor human-landing 
collections were found to probe longer and more often (in 
subsequent tests on hamsters) and to attempt to feed more 
often than their uninfected counterparts (Wekesa et al. 
13 
1992). These data from field-infected Anopheles represent 
strong evidence that malaria infection modifies vector 
feeding behavior in an epidemiologically significant way. 
< 
Tnsprt.iddes and Control 
Most vector control campaign are based on insecticide 
use (Haynes 1988). There is some indication that parasite- 
infected vectors may be more sensitive to insecticides than 
non-infected vectors (Colder et al. 1982, 1984; Rasnitsyn & 
Zharova 1985), thus effectiveness of control may be 
underestimated. The amount of insecticide used not only 
affects control campaigns financially, it also may have an 
effect on the development of resistance in a vector 
population (Croft 1990). Additionally, there is evidence 
that behavioral control of some vector species may be 
possible using sublethal doses of insecticides (Haynes 1988). 
Larviciding is one method used in vector control. The 
application of marginal levels of larvicide could remove 
competition for food by killing only the most susceptible 
larvae. This would lead to an increase in the size and 
vectorial capacity of the adults emerging from the surviving 
larvae (Hare & Nasci 1986; Agudelo-Silva & Spielman 1984) . 
In contrast, delayed mortality and reduced fecundity were 
found in C. quinquefasciatus treated with Bacillus 
thuringiensis H-14, although results varied (Mulla & Singh 
1991). Lab studies show that larval Anopheles, surviving 
normally lethal doses of B. sphaericus, have reduced 
14 
susceptibility to malaria as adults (Young et al. 1990) 
Whether those adults, from larvae treated with Bacillus spp. , 
that do become infected with malaria are capable of 
i 
transmitting malaria has not been demonstrated. Moreover, 
the impact of mild, sublethal doses of these agents on growth 
and immunity to malaria infections has not been carefully 
examined. 
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CHAPTER 2 
GENERAL METHODS 
i 
Rearing Mosquitoes 
Adult Aedes aegypti (Rockefeller strain) used in our 
studies were kept in 30.5 cm^ cages at 25 — 1° C and 85 — 5% 
relative humidity on a 14L:10D photoregime with incandescent 
light (twilight) for one hour at first dark and one hour at 
last dark. Females and males were housed together to insure 
that mating occurred. Adults were allowed free access to a 
10% sucrose solution unless otherwise indicated. Chicks 
restrained within nylon stockings were placed in each cage 
for short periods as needed for blood feeding. Glass beakers 
lined with paper toweling and filled with distilled water 
were used as oviposition sites. Two different regimes for 
rearing larvae were followed to produce two different size 
classes of adult mosquitoes. One day after hatching, larvae 
were placed in white plastic trays (30 x 25 x 5 mm) 
containing 1.5 liters of distilled water. For regime #1 
(small adults) and regime #2 (large adults) respectively, 500 
larvae and 2 00 larvae were placed in each tray. Larvae were 
fed a diet of lactalbumin and brewer's yeast (1:1) according 
to the schedules shown in Table 1. Pupation began after 7 
days, and pupae from each regime were placed into water- 
filled containers within separate cages and allowed to 
emerge. 
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Anopheles stephensi (Holland strain) used in this study 
were kept in 3 0.5 cm-^ cages under the same temperature 
light - humidity regime as previously noted for Ae. aegypti. 
Males and females were housed together. Adults were allowed 
free access to 10% sucrose solution unless otherwise 
indicated. Chicks restrained within nylon stockings were 
placed in each cage as needed for blood feeding. If mice 
were used for blood feeding, they were restrained in wire 
mesh pockets placed on the bottom of the mosquito cage. Eggs 
were oviposited in glass containers half-filled with 
distilled water, and allowed to hatch. Larvae were removed 
to white plastic trays (30 x 25 x 5 mm) containing 1.5 liters 
of distilled water. All trays were given 5 mg of ground 
flake fish food twice daily. Two different size classes of 
An. stephensi were obtained by crowding. One thousand larvae 
were placed into trays to produce small adults, and 200 
larvae were placed into trays for large adults. Pupation 
began after 12 days, and pupae from each regime were placed 
into water-filled containers within separate cages and 
allowed to emerge. 
Malaria Maintenance 
Plasmodium gallinaceum was obtained from American Type 
Culture Collection (lot #30218). Stock blood (~0.5 ml) 
infected with avian malaria was injected IV into week-old 
chicks. Since P. gallinaceum is persistent within the host, 
subsequent infectious hosts were obtained by injecting naive 
17 
chicks with 0.5 - 1.0 ml of blood from the original 
chronically-infected bird; mosguitoes were fed on the 
injected chicks after 7-10 days. 
i 
Plasmodium berghei (ANKA strain) was obtained from 
Walter Reed Army Institute of Research. Several drops of P. 
berghei-infected blood (—20% parasitemia) was diluted in 1 ml 
of Ringer's solution. Mice were infected by IP injection of 
— ml of this blood suspension. Infection was maintained m 
mice by weekly IP blood passage and by periodic mosquito 
passage. 
Analytical Techniques 
Size of adult mosquitoes was estimated using wing length 
measurements taken from the humeral cross vein to the apical 
margin (Fig. 2.1). The right wing of each female mosquito 
was removed, placed on a slide in a drop of water, covered 
with a cover slip, and measured using the lowest 
magnification on a dissecting microscope equipped with an 
ocular micrometer. The mean size of large and small 
mosquitoes was determined for each experimental group. Means 
were tested for significance using one-way analysis of 
variance (ANOVA). 
Host parasitemia was determined using thin blood smears 
stained with Giemsa. Parasites per 100 RBCs were counted 5 
times on different areas of the slide. This was done to 
insure random sampling and increased accuracy. Peak 
gametocyte production generally occurred 2-4 days after 
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gametocyte production was first observed. Mosquitoes were 
fed on infected chicks at this time. Mosquitoes were fed on 
P. berghei-infected mice 6-8 days post-inoculation. This 
falls within the time given for the period of peak 
gametocytemia for P. berghei (Day & Edman 1983) . 
To monitor infection in the mosquito, 10 females were 
dissected each day starting on day 5 post-feeding. The 
midgut was dissected out and stained with dilute iodine 
solution. Oocysts on both sides of the gut were counted. To 
determine infectivity in Ae. aegypti, the presence or absence 
of sporozoites was noted by removing salivary glands, placing 
them on a microscope slide in a drop of physiological saline, 
and crushing them under a cover slip. Because oocysts 
remained visible on the gut of An. stephensi even after they 
were infective, and were a good indication of infectivity, 
the presence or absence of oocysts was used to determine 
infectivity in An. stephensi. Only hosts probed or fed on by 
infective mosquitoes were used in the following experiments; 
all others were discarded. Although this led to some 
differences in sample size, the statistical tests used do not 
assume equal sample sizes. 
In order to estimate the average number of sporozoites 
per mosquito, complete salivary glands (both sets) were 
collected from 5 mosquitoes and placed into a glass tissue 
homogenizer with a small amount of distilled water. Glands 
were ground and the solution collected in a small test tube. 
After measuring the total volume of solution, 1 (il of the 
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solution was added to a phase hemocytometer and allowed to 
settle for 15 min. Sporozoites were counted at 400x with a 
phase 3 objective. Total number of sporozoites counted was 
i 
multiplied by the total volume of the solution, then divided 
by the number of sets of salivary glands to get the average 
number of sporozoites per mosquito (Coleman, personal 
communication). 
Nutritional status (total sugar, glycogen, and lipid) of 
adult female mosquitoes was determined using techniques 
adapted from van Handel (1985a'k) Adult female Ae. aegypti 
were maintained under 4 different regimes: (1) no sugar prior 
to the infected blood meal, followed by 10% sugar solution ad 
lib, (2) no sugar prior to the infected blood meal, followed 
by blood meals every day, (3) 10% sugar solution ad lib 
prior to and after the infected blood meal, and (4) 10% sugar 
solution ad lib prior to and after the infected blood meal 
plus blood meals every day. Cane sugar (sucrose) was used in 
the sugar solution fed to the mosquitoes. Mosquitoes were 
collected at 3 different times: at emergence, before the 
infected blood meal (day 4), and after mosquitoes became 
infective (day 12). 
Mosquitoes killed by rapid freezing were heated to 100° 
C for 30 min to halt enzymatic activity. Each mosquito was 
placed into a 12 x 75 mm disposable culture tube and finely 
ground using a glass rod. Sodium sulfate (0.2 ml of 2% 
solution) was added to each tube. A 2:1 methanol: chloroform 
mixture (1.5 ml) was then added. The solution was stirred 
20 
and allowed to precipitate overnight. The supernatant was 
removed from the precipitate, divided into 2 equal portion, 
and placed into culture tubes. The tube containing the 
t 
precipitate was assayed for glycogen by adding 3 ml of 
anthrone reagent to each tube and heating the tube for 17 min 
at 100° C. Tubes were allowed to cool then were read with a 
spectrophotometer at 625 nm (van Handel 19 85a) . The two 
tubes containing the supernatant were assayed for sugar and 
lipid. The test for sugar is the same as the test for 
glycogen (van Handel 1985a). To assay for lipid, the liquid 
in the remaining tube was first evaporated. Sulfuric acid 
(0.2 ml) was then added to each tube and the tube heated at 
100° C for 10 min. After the tubes cooled, 3 ml of vanillin 
reagent was added to each tube, and the tubes were read with 
a spectrophotometer at 525 nm (van Handel 1985b). 
Statistical Analyses 
Analysis of variance (ANOVA) was used to compare wing 
lengths. Number of mosquitoes infected and transmission 
data, which were recorded as yes or no, were tested using the 
z-test for probability (Daniel 1987) . This test compares the 
numbers of successes (yes) with the size and variability of 
the sample. Glycogen, lipid and sugar levels of adult Ae. 
aegypti fed on different nutritional regimes were compared 
using ANOVA, as were number of sporozoites. Statistical 
tests were run on a Macintosh SE using either the spreadsheet 
21 
Excel 4.0, or the statistical packages SuperANOVA and Systat 
5.2.1. 
, 
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Fig. 2.1 Wing length measurements taken from the 
humeral cross vein to the apical margin. 
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Table 1. Rearing regime for large- 
and small-bodied 
Aedes aegypti 
Day 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Small (500/pan) 
-regime #1 
50 mg 
0 
0 
100 
0 
0 
replace water - 50 
0 
50 
50 
50 
50 
Large (200/pan) 
regime #2 
50 mg 
50 
50 
100 
150 
200 
150 
100 
50 
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CHAPTER 3 
MOSQUITO SIZE AND MULTIPLE TRANSMISSION OF MALARIA 
Mosquito Size and Multiple Transmission of Avian Malaria in 
the Laboratory 
Introduction 
W0 have demonstrated that malaria-infected Aedes 
aegypti can infect up to 3 hosts during rapid serial feeding 
(Kelly & Edman 1992) . The objective of this study was to 
compare the ability of both large- and small-bodied Ae. 
aegypti to serially infect multiple hosts with avian malaria. 
The hypothesis was that large mosquitoes would transmit 
malaria to more hosts than small mosquitoes. 
Water temperature and larval crowding and nutrition can 
affect the body size of emerging adult mosquitoes (Hare Sc 
Nasci 1986). Female body size has been shown to be 
correlated with survival and viral infection rate (DeFoliart 
et al. 1987, Paulson Sc Hawley 1991) but not with the 
transmission rate of mosquito-borne protozoan parasites. 
Salivary gland size and body size appear to be positively 
correlated (Mellink et al. 1982) and the number of malaria 
sporozoites available for transmission during blood feeding 
may depend on salivary gland size (Janzen Sc Wright 1971) . 
The number of sporozoites injected into the host is important 
because it directly affects the course and severity of the 
resulting infection (James et al. 1936). 
26 
Materials and Methods 
Aedes aegypti (Linn.) Rockefeller strain, an efficient 
* 
vector of avian malaria (Huff & Coulston 1944), was used in 
this study. Mosquitoes were reared and maintained according 
to the methods described in Chapter 2. The mean wing length 
was 3.07 ± 0.3 6 mm for large mosquitoes and 2.60 ± 0.27 mm 
for small mosquitoes. These means were statistically 
different (p = 0.002). 
Mosquitoes generally became infective (i.e. sporozoites 
were seen in the salivary glands) within 12 days after blood 
feeding on an infected chick. Twelve days after an infective 
blood meal each potentially infective mosquito was allowed to 
probe on 3 naive 1-wk-old chicks for 10 sec, with a 1-min 
period between birds. This 10-sec period corresponds to the 
approximate time that Ae. aegypti were observed to probe 
before desisting or beginning to ingest blood (Mellink et al. 
1982). Mosquitoes were dissected immediately after the 3- 
probe sequence to determine the presence of sporozoites in 
the salivary glands. If sporozoites were seen within the 
mosquito's salivary glands upon dissection, the group of 
birds was retained and blood smears were taken every day for 
3-4 weeks. Groups were scored as: 0 (all birds uninfected), 
1 (one bird infected) , 2 (two birds infected) , or 3 (three 
birds infected). This experiment was repeated 3 times. 
27 
Results and Discussion 
Fifty-eight groups, with 3 chicks in each, were used in 
this study. Among the 22 groups fed on by large infective 
i 
mosquitoes, one bird was infected in 9 groups (41%), two 
birds were infected in 5 groups (23%), three birds were 
infected in one group (5%) , and no birds were infected in 7 
groups (32%) (Fig. 3.1) . Among the 36 groups fed on by small 
mosquitoes, one bird was infected in 7 groups (19%), two 
birds were infected in 3 groups (8%), three birds were 
infected in one group (3%) , and no birds were infected in 2 5 
groups (69%) (Fig. 3.1). Tests for probability (Daniel 1987 
- Table 2) indicated that large mosquitoes were more likely 
to infect a host (p = 0.01) , and were more likely to infect 
more than one host (p = 0.06), during serial feeding than 
were small mosquitoes. 
When infection rate was sorted according to pattern, the 
order of infection was not always reflected by the order of 
probing (Fig. 3.2). For single infections, large mosquitoes 
showed no difference in their ability to infect the 1st, 2nd 
or 3rd bird. Small mosquitoes were most likely to infect the 
1st bird, but this difference was not statistically different 
from the ability of large mosquitoes to infect the 1st bird. 
Small mosquitoes were less likely than large mosquitoes to 
infect the 2nd or 3rd birds. Among multiple infections, the 
most common pattern seen among large mosquitoes was both 2nd 
and 3rd birds infected. Among small mosquitoes both 1st and 
3rd birds infected was most common. While these results are 
28 
too limited for statistical testing, they do indicate that 
the greatest release of sporozoites may not necessarily occur 
immediately. It is possible that there may be a correlation 
between blood meal size, sporozoite counts, and serial 
infection rates (Rosenberg et al. 1990), although there also 
is evidence to the contrary (Ponnudurai et al. 1991). The 
mean oocyst count for large mosquitoes used in this study was 
4-1. The mean oocyst count for small mosquitoes was 6 — 1. 
These means were statistically different (p — 0.08) . There 
was also a difference in acquisition of malaria, with large 
mosquitoes more likely to be infected (>0 oocysts) than small 
mosquitoes (p = 0.03) . Although it would seem likely that 
large mosquitoes, with the potential to take larger blood 
meals (Clements 1992) and subsequently ingest more parasites, 
should have higher numbers of oocysts than small mosquitoes, 
it may be that mosquitoes with very heavy oocyst loads died. 
The mean sporozoite count for large mosquitoes used in this 
study was 17336 — 5662. The mean sporozoite count for small 
mosquitoes was 31121 — 79. These means were not 
statistically different (p = 0.23) . 
These data indicate that there are differences in the 
ability of large and small mosquitoes to transmit malaria 
parasites. Size confers no difference in a mosquito's 
ability to infect the 1st host, but does affect it's ability 
to infect subsequent hosts in rapid succession, so that large 
mosquitoes were able to infect more sets of birds than small 
mosquitoes. These data further reaffirm that multiple host 
29 
contact, especially by large mosquitoes, provides opportunity 
for multiple transmission of malaria parasites within a 
single gonotrophic cycle. 
30 
Fig. 3.1 Serial malaria infection rates in groups of 3 
chicks probed, by sporozoite-positive Aed.es aegypti of 2 
different size classes. 
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Fig. 3.2 Serial probing and patterns of malaria 
infection in groups of 3 chicks probed by sporozoite¬ 
positive Aedes aegypti of 2 different size classes. 
Pattern 0 = no chicks infected, pattern 1 = the first 
chick infected, pattern 2 = the second chick infected, 
pattern 3 = the third chick infected, pattern 4 = chicks 
#1 and #2 infected, pattern 5 = chicks #1 and #3 
infected, pattern 6 = chicks #2 and #3 infected, and 
pattern 7 = all three chicks infected. 
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Fart-.ors Afff^H.na Multiple Transmission of Plasmodium 
herahei Purina Serial Probing by Anopheles Stephensi on 
Several Hosts 
Introduction 
Multiple host contacts, especially by large Aedes 
aegypti, have been found to provide opportunity for multiple 
transmission of avian malaria parasites within a single 
gonotrophic cycle (Kelly & Edman 1992b). Because there are 
both structural and behavioral differences between Ae. 
aegypti and Anopheles that are potentially important in the 
transmission of malaria, multiple transmission studies using 
An. Stephens i, P. berghei, and mice were undertaken. The 
hypothesis tested was that large mosquitoes would transmit 
malaria to more hosts than small mosquitoes. 
Materials and Methods 
Anopheles Stephensi (Holland strain), an efficient 
vector of rodent malaria, was used in this study. Mosquitoes 
were reared and maintained according to the methods described 
in Chapter 2. The wings of the large females ranged in 
length from 2.56 - 3.68 mm with a mean of 3.14, small females 
ranged from 2.08 - 3.20 mm with a mean of 2.72. The two size 
classes overlap, but their means are statistically different 
(p = 0.0001). 
Five day old female mosquitoes were fed to repletion on 
infective mice 6-8 days after injection, then held for 21 
36 
— 5% relative humidity on a 14L.-10D days at 20 — 1° C and 75 
photoregime schedule. Plasmodium berghei, unlike P. 
gallinaceum, completes its sporogonic cycle at 18-21° C; 
mosquitoes must be held at lower temperature or they will not 
become infective (Vanderberg & Yoeli 1966) . Mosquitoes were 
dissected 10 days after the infective blood meal to establish 
infection rates. At 21 days post blood meal, five mosquitoes 
were taken from each group and their salivary glands were 
removed. Sporozoites were counted as described in Chapter 2. 
Initially, 10 large infective mosquito was allowed to 
probe on 3 naive mice for 10 sec with a 1-min period between 
mice, as previously described for Ae. aegypti (Kelly & Edman 
1992a). However, unlike Ae. aegypti, that transmitted 
malaria to -50% of the hosts contacted, no transmission 
occurred with An. stephensi. Probing time was increased to 
30 sec, and the experiment was repeated twice. Although 
transmission did occur, transmission rates remained low. In 
subsequent trials, mosquitoes were allowed to probe on single 
hosts for 3 0 sec, 5 min, and overnight. This experiment was 
repeated twice. Based on the results of these trials, 
mosquitoes used in our first set of experiments were allowed 
to probe on each host for 5 min with 1 min between hosts. 
This experiment was repeated 3 times. In a second set of 
experiments, mosquitoes were allowed to probe on each host 
for 5 min with 24 hrs between hosts. This experiment was 
repeated twice. 
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Mosquitoes were dissected immediately after the three 
probe sequence to determine if oocysts were present on the 
gut wall. If oocysts were seen on the gut wall, the group of 
I 
mice was retained and blood smears were taken every day for 3 
wks. 
Results and Discussion 
A total of 30 groups of mice were used in the first 
experiment in which mosquitoes were allowed to probe for 30 
sec. In the 16 groups fed on by large mosquitoes, one mouse 
was infected in one group (6%) and two mice were infected in 
one group (6%) . In 14 groups, no mice were infected (88%) . 
In the 14 groups fed on by small mosquitoes, one mouse was 
infected in two groups (14%) and two mice were infected in 
one group (7%) . In 11 groups, no mice were infected (79%) . 
In no case were all three mice in a group infected. 
Because the percentage of successful transmissions was 
low (<2 0%) , it was decided to examine probing time and its 
relationship to malaria transmission by Anopheles. Infective 
mosquitoes were exposed to a single host for either 30 sec, 5 
min, or overnight. Among the 10 mice exposed to a probing 
mosquito for 3 0 sec, one mouse became infected (10%) . Among 
the 15 mice exposed to a probing mosquito for 5 min, 9 mice 
became infected (60%) . None of the 15 mice exposed to a 
mosquito overnight became infected (Fig. 3.3). It is likely 
that the lack of transmission by mosquitoes left with hosts 
overnight was due to defensive behavior on the part of the 
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mice. Five of the mosquitoes held in cages with mice 
overnight were eaten by the mice. Of those left, 8 contained 
at least a partial blood meal and 2 contained no blood at 
( 
all. There was some indication that mosquitoes that had 
taken a blood meal when exposed to a single host were more 
likely to transmit malaria (p = 0.05). However, mosquitoes 
exposed to mice for longer periods were more likely to imbibe 
blood (p = 0.03). 
Because there appeared to be an increase in successful 
transmissions when mosquitoes were exposed to hosts for 5 
min, experiments were repeated with mosquitoes exposed to 
three mice for 5 min with 1 min between hosts. However, 
transmission rates of malaria to multiple hosts remained low 
even with increased vector-host contact. Mosquitoes exposed 
to single hosts for 5 min were allowed to feed undisturbed, 
but because mosquitoes exposed to more than one host were 
less likely to probe all three hosts if allowed to feed, any 
prolonged blood feeding (more than 30 sec) was interrupted by 
tapping the cup that held the mosquito. About half of the 
interrupted mosquitoes did ingest some blood, but the amount 
imbibed was small compared to the amount of blood taken when 
mosquitoes were allowed undisturbed access to the host. 
In the 10 groups fed on by large mosquitoes, no mice 
were infected. In the 10 groups fed on by small mosquitoes, 
one mouse was infected in two groups (20%) . No multiple 
infections occurred. There was no indication that the 
39 
presence of a blood meal increased the likelihood of 
transmission in mosquitoes exposed to three hosts. 
Because length of probing time appeared to produce no 
i 
difference in transmission rates when mosquitoes were exposed 
to three hosts in rapid succession, data were combined and 
reanalysed. Among the 3 6 groups of mice exposed to large 
mosquitoes for varying lengths of time, one mouse was 
infected in 1 group (3%) , and two mice were infected in 1 
group (3%) . No mice were infected in 34 groups (94%) . Among 
the 24 groups exposed to small mosquitoes for varying lengths 
of time, one mouse was infected in 4 groups (17%) , and two 
mice were infected in 1 group (4%) . No mice were infected in 
19 groups (79%) (Fig. 3.4) . The z-test for probability 
(Daniel 1987) indicated that small mosquitoes were more 
likely to infect a host (p = 0.05) than large mosquitoes 
(Table 3) . There was no difference in the ability of large 
or small mosquitoes to infect multiple hosts. 
When infective mosquitoes were allowed to probe on each 
of a series of 3 hosts for 5 min with 24 hrs between hosts, 
overall infection rates rose to 21% for large mosquitoes and 
dropped to 0% for small mosquitoes. Among the 24 groups of 
mice exposed to large mosquitoes, one mouse was infected in 3 
groups (12%), two mice were infected in 1 group (4%), and 
three mice were infected in 1 group (4%) . No mice were 
infected in 19 groups (79%) . Among the 8 groups exposed to 
small mosquitoes, no mice were infected (Fig. 3.5). Although 
mosquitoes were not allowed to feed to replete, not all of 
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the mosquitoes were interested in probing after day one. On 
day 2, 4 large and 1 small mosquito did not probe. On day 3, 
8 large and 3 small mosquitoes did not probe. Of these, 2 of 
the large and 1 of the small mosquitoes that did not probe on 
day 2, did probe on day 3. The z-test for probability 
(Daniel 1987) indicated that more large mosquitoes infected 
hosts when feeding over a three day period (p = 0.04), but 
more small mosquitoes infected hosts when feeding in rapid 
succession (p = 0.08)(Table 4). 
The z-test (Daniel 1987) for probability of no oocysts, 
light to moderate oocyst infections (1-9 oocysts), and heavy 
oocyst infections (>10 oocysts) indicated that small 
mosquitoes tended to have more light to moderate infections 
than large mosquitoes. However, acquisition of malaria was 
not statistically different between large and small 
mosquitoes (p = 0.34) , and mean oocyst counts also were not 
statistically different (p = 0.68) . The mean oocyst count 
for large mosquitoes used in this study was 5 - 0.89. The 
mean oocyst count for small mosquitoes was 5 — 0.99. Because 
anophiline mosquitoes use diuresis instead of gross abdominal 
extension to increase protein uptake while blood feeding 
(Clements 1992), it is likely that both large and small 
mosquitoes took similar size blood meals and ingested similar 
numbers of malarial parasites. The mean sporozoite count for 
large mosquitoes used in this study was 10536 ± 4760. The 
mean sporozoite count for small mosquitoes was 10013 — 3949. 
These means were not statistically different (p = 0.94). 
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Work done by Ponnudurai et al. (1991) indicated that number 
of probes by P. falciparum - infected An. stephensi were not 
correlated to the number of sporozoites injected into the 
host. They also found no correlation between salivary gland 
sporozoite load and number of sporozoites ejected (Ponnudurai 
et al. 1991). They suggested that ejection of sporozoites 
was more related to gland structure and distribution of 
sporozoites within the gland than to any other factor 
(Ponnudurai et al. 1991) . 
It is apparent that multiple transmission of malaria by 
Anopheles can occur even with limited host contact. Recent 
work by Li et al. (1992) indicates that the delivery of P. 
herghei sporozoites by An. stephensi tends to be sporadic and 
not continuous. This might explain the low level of 
transmission obtained during these experiments. If 
mosquitoes feed on defensive hosts, and interruption of the 
blood-feeding process is common, then clumping of sporozoites 
would help ensure that enough sporozoites were injected so 
that host contact could result in host infection (Li et al. 
19 92) . In addition, if Anopheles do exhibit gonotrophic 
discordance as has been demonstrated for three species by 
Briegal and Horler (1993), then host contacts by infected 
Anopheles may be frequent. This would increase the infected 
mosquito's chance of transmitting malaria successfully. 
The z-test for probability indicated that Ae. aegypti 
are significantly more likely to transmit malaria than An. 
stephensi (Daniel 1987). Because there are differences in 
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the malarias used, as well as differences in the mosquito 
vectors, it is difficult to suggest an explanation for the 
observed differences in transmission. If salivary gland 
« 
structure controls sporozoite ejection, as Ponnudurai et al. 
(1991) maintain, it may be that the cuticular lining of the 
salivary glands of Aedes (which lines the entire salivary 
duct, Sterling et al. 1973) prevents release of large numbers 
of sporozoites into the ducts where they could form clumps. 
Since the salivary ducts of Anopheles are only lined with 
cuticle for part of their length (Sterling et al. 1973), it 
is possible that more sporozoites could be released into the 
ducts at any one time. This could effect the number and 
speed of release of sporozoites during probing, which could 
in turn affect the course of any subsequent disease (James et 
al. 1936) . 
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Fig. 3.3 The effect of probing time on malaria 
transmission to mice fed upon by sporozoite-positive 
Anopheles Stephensi. 
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Fig. 3.4 Serial malaria infection rates in 60 groups 
of 3 mice fed upon by sporozoite-positive Anopheles 
Stephensi. 
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Fig. 3.5 Malaria infection rates in 32 groups of 3 
mice fed upon by sporozoite-positive Anopheles stephensi 
with 24 hours between mice. 
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CHAPTER 4 
ADULT NUTRITION AND TRANSMISSION OF MALARIA 
i 
Effect of Preinfection Sugar Meals and Postinfection Blood 
Meals on Acquisition and Transmission of Malaria_in an Aedes 
aecrwti - Plasmodium crallinaceum - Chick Model System 
Introduction 
This study was undertaken to test the hypothesis that 
sugar taken before an infected blood meal and blood taken 
after an infected blood meal will increase acquisition and 
transmission of malaria. 
In malaria-infected mosquitoes, developing oocysts are a 
burden on metabolism, and infected mosquitoes use more 
glucose than uninfected mosquitoes (Maier et al. 1987) . 
Sugar feeding may contribute to the growth of malaria 
oocysts. In addition, oocyst development is asynchronous, 
and the addition of another blood meal 5-11 days post¬ 
infection should increase the developmental rate of oocysts 
and lead to an increase in the number of sporozoites within 
the salivary glands (Ponnudurai et al. 1989). 
Host-seeking behavior also is affected by the nutritional 
state of the female mosquito (Klowden 1986). Larval nutrient 
availability is one factor affecting adult nutritional 
reserves (Hare & Nasci 1986); host availability and 
availability of nectar for sugar feeding as an adult is 
another. Sugar feeding is thought to be a prerequisite for 
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prolonged survival; many mosquitoes do not readily blood feed 
until they have taken a sugar meal (Nayar & Pierce 1980) . 
However, recent experimental evidence indicates that this is 
not true for Aedes aegypti (Edman 1993) . Sugar feeding leads 
to the deposition of glycogen and lipids in the fat body 
(Clements 1992). The glycogen can be converted to glucose as 
needed for flight and maintenance. Lipids are converted to 
fatty acids and used in resting metabolism. 
Materials and Methods 
Aedes aegypti were raised according to the protocol for 
large mosquitoes outlined in Chapter 2. Four same-age groups 
of females were removed from the larger cohort of mosquitoes 
at emergence for use in these experiments. The mean 
winglength of females at emergence was 2.95 — 0.03 mm. Two 
of the groups (#1 and #2) were given only water prior to the 
infected blood meal given on day 4. The other two groups (#3 
and #4) were given a 10% sugar solution ad lib. After the 
infected blood meal, all but group #2 were given 10% sugar ad 
lib. Group #2 was given water and was allowed access to a 
restrained host for 2 hours every day. Group #4 also was 
allowed access to a restrained host for 2 hours every day 
(Table 5) . Mosquito midguts were dissected 7 days after the 
infected blood meal to establish infection rates. Fifteen 
days after the infected blood meal, five mosquitoes were 
removed from each group and both sets of salivary glands were 
removed from each mosquito. Sporozoites were counted as 
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described in Chapter 2. Mosquitoes from each group were 
allowed to feed on naive hosts and transmission rates were 
compared. This experiment was repeated 3 times. In 
addition, 30 mosquitoes were analyzed for sugar, glycogen and 
lipid levels at emergence. Thirty mosquitoes from groups 1 & 
2 combined, and 27 mosquitoes from groups 3 & 4 combined, 
were analyzed 4 days after emergence and prior to being given 
the infected blood meal. Twelve days after the infected 
blood meal, when mosquitoes were likely to be infective, 25, 
18, 3 0 and 40 mosquitoes respectively were analyzed from 
groups 1, 2, 3 and 4. 
Results and Discussion 
A total of 40 infected mosquitoes were used in the 
transmission experiment. Two of 10 mosquitoes from group 1 
infected a single host (20%) , 4 of 8 mosquitoes from group 2 
infected a single host (50%) , 9 of 12 mosquitoes from group 
3 infected a single host (75%) , and 3 of 10 mosquitoes from 
group 4 infected a single host (30%) . When the 4 groups were 
compared using the z-test for probability (Daniel 1987), it 
was found that group 2 was more likely to transmit than group 
1 (p = 0.10), group 3 was more likely to transmit than group 
1 (p = 0.01), and group 3 was more likely to transmit than 
group 4 (p = 0.02). No other combinations were significantly 
different (Table 6). In other words, additional blood meals 
taken after the infected blood meal affected transmission of 
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malaria if sugar meals were not taken before the infected 
blood meal. 
Winglength measurement were taken for each group 12 days 
after infection. Group 1 had a mean winglength of 3.06 — 
0.04 mm. Group 2 had a mean winglength of 3.16 — 0.06 mm. 
Group 3 had a mean winglength of 3.11 — 0.05 mm. Group 4 had 
a mean winglength of 3.31 — 0.05 mm. All groups were larger 
in size compared to the mean size of the mosquitoes at 
emergence, however group 4 was the only group that was 
significantly larger at day 12 post-infection (p = 0.001) . 
Reasons for die-off of the smallest mosquitoes in each group 
was most likely related to nutritional and activity patterns 
of each group. 
The number of mosquitoes in each group that failed to 
become infected also was analyzed. Twenty-three females were 
dissected from group 1; 3 were not infected (13%) . Ten 
females were dissected from group 2; 7 were not infected 
(70%). Seven of the 23 females dissected from group 3 (30%), 
and 6 of the 17 females dissected from group 4 (35%) were not 
infected. With the exception of groups 3 and 4, all 
comparisons for percent uninfected were statistically 
different (Table 7). Therefore, additional blood meals taken 
after the infected blood meal had less effect on acquisition 
of malaria if sugar was given before the infected blood meal, 
but blood given after the infected blood meal negatively 
affected acquisition of malaria. 
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The mean oocyst count was 7.0 - 0.84 for group 1, 5.2 - 
2.25 for group 2, 3.8 — 0.85 for group 3, and 3.3 1.02 for 
group 4. Groups 1 and 4 were statistically different (p = 
0.03), all other combinations were not. The mean sporozoite 
count was 10765 ± 2716 for group 1, 15205 ± 2392 for group 2, 
20283 — 5921 for group 3, and 14624 — 3834 for group 4. 
These means were not statistically different (p — 0.46) . 
Sugar, glycogen and lipid levels (|ig i se) were analyzed 
for each of the 4 groups as described in Chapter 2. Sugar, 
glycogen and lipid levels were 72 ± 6.8 Jig, 7 6 ± 4.2 pg, and 
144 ± 7.8 |lg for group 1, 16 ± 0.94 |ig, 2 9 ± 3.3 Jig, and 71 ± 
4.5 Jig for group 2, 68 ± 3.5 Jig, 7 6 ± 2.9 fig, and 13 4 ± 5.3 
jig for group 3, and 32 ± 5.1 Jig, 47 + 4.9 Jig, and 9 0 ± 7.8 Jig 
for group 4 (Fig 4.1). ANOVA indicated that groups 1 and 3 
and groups 2 and 4 were not statistically different for sugar 
or lipids levels. Groups 1 and 3 also were not statistically 
different for glycogen levels. All other combinations were 
statistically different (p = 0.0001). 
Pre-infective blood meal and emergence nutrient levels 
for groups 1-4 also were compared (Fig. 4.2, 4.3). At 
emergence, sugar, glycogen and lipid levels were 20 ± 0.7 jig, 
59 ± 1.8 Jig, and 13 5 ± 4.4 |lg respectively. Four days after 
emergence, just before the infected blood meal, sugar, 
glycogen and lipid levels for groups 1 and 2 combined were 2 0 
± 0.7 Jig, 18 ± 2.2 jig, and 58 ± 5.2 jig respectively. Sugar, 
glycogen and lipid levels for groups 3 and 4 combined were 3 6 
± 2.5 Jig, 112 ± 3.4 jig, and 174 ± 5.8 Jig respectively. When 
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pre- and post-infective levels for each group were compared 
using ANOVA (Table 8) , it was found that sugar levels for 
group 1 and group 3 differed from emergence levels (p = 
i 
0.0001), but group 2 and group 4 did not. Glycogen levels 
for groups 1, 2 and 3 differed from emergence levels (p = 
0.0001), but group 4 did not. Lipid levels for groups 2 and 
4 differed from emergence levels (p = 0.0001), but groups 1 
and 3 did not. For all nutrients tested, group 1 was 
different before and after infection (p = 0.0001); group 2 
was not. Sugar levels were different before and after 
infection in group 3 (p = 0.0001) but not in group 4. 
Glycogen and lipid levels were different for both group 3 and 
group 4 before and after infection (p = 0.0001). 
The presence of developing oocysts could stimulate 
additional feeding during the times when additional nutrients 
would enhance oocyst growth (Ghosh & Ray 1957; Ponnudurai et 
al. 1989) . Extra blood meals, given while oocysts are 
developing, have been found to increases the number of 
sporozoites produced (Vanderberg & Nawrot 1968) . However, 
additional blood meals can inhibit oocyst production 
depending on the timing of these meals (Gass 1977) 
Inhibition of oocyst production occurs when additional blood 
meals are taken during digestion of the previous, infective 
blood meal. This may result because mechanisms of digestion 
and levels of digestive enzymes are modified under these 
conditions (Gass 1977) . 
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Carbohydrate ingestion has also been found to affect 
development of malarial parasites within the mosquito. 
Weathersby and Noblet (1973) found that the type of sugar fed 
to a mosquito affected oocyst production, with mosquitoes 
maintained on fructose producing the greatest number of 
oocysts. However, the type of sugar fed to mosquitoes did 
not affect the percentage of mosquitoes infected (Samish et 
al. 1991). Finally, mosquitoes given both sugar and blood 
produced large amounts of proteases which may be harmful to 
early stages of the malarial parasite (Samish & Akov 1972) . 
Data presented here (Table 9) indicate that Ae. aegypti 
maintained on sucrose alone have a higher rate of malaria 
transmission compared to mosquitoes raised on blood alone and 
mosquitoes given both blood and sucrose. Taking a sucrose 
meal prior to taking an infected blood meal did not appear to 
increase infectivity, since group 2, which did not receive a 
sugar meal before the infected blood meal, showed no 
difference in its ability to transmit malaria when compared 
to group 3, which did receive a sugar meal prior to the 
infected blood meal. Also, mosquitoes fed additional blood 
meals after the infected blood meal were less likely to 
become infected. The implication of these data are that 
availability of blood meals may affect the amount of malaria 
transmission seen by affecting the number of mosquitoes that 
become infected with malaria. 
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Table 5. Protocol for nutritional study 
Group 1: 
Group 2: 
Group 3: 
Group 4: 
day 1-4 
day 4 
after day 4 
water 
infected blood meal 
10% sugar solution ad lib 
day 1-4 
day 4 
after day 4 
water 
infected blood meal 
blood meals offered every day 
day 1-4 
day 4 
after day 4 
10% sugar solution ad lib 
infected blood meal 
10% sugar solution ad lib 
day 1-4 
day 4 
after day 4 
10% sugar solution ad lib 
infected blood meal 
10% sugar solution ad lib with 
blood meals offered every day 
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3
2
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4.1. Comparison of nutrient levels in Aed.es 
eegypti fed on different nutritional regimes. Nutrient 
-l is sugar; nutrient 2 is glycogen; nutrient 3 is 
lipid. 
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Fig 4.2. Comparison of pre- and post-infection 
nutrient levels in groups 1 and 2. Nutrient 1 is sugar; 
nutrient 2 is glycogen; nutrient 3 is lipid. 
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Fig 4.3. 
nutrient 
nutrient 
Comparison of pre- and post-infection 
levels in groups 3 and 4. Nutrient 1 is sugar; 
2 is glycogen; nutrient 3 is lipids. 
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CHAPTER 5 
ENVIRONMENTAL FACTORS 
« 
Effect of Larval Exposure to Bacillus thurinpiensis var^ 
israelensis (Bti) on Acquisition and Transmission of Malaria 
in an Anopheles steohensi - Plasmodium bercrhei - Mouse_Model 
System 
Introduction 
Larviciding is one method used in vector control, but 
levels of larvicide that are inadequate to provide complete 
control could remove competition for food by killing the most 
susceptible larvae (Agudelo-Silva & Spielman 1984). Because 
larval nutrition affects body size (Hare & Nasci 1986), 
partial control could possibly cause an increase in the size 
and even the number of emerging adults (Young et al. 1990; 
Ignoffo & Gregory 1972) . This could lead to an increase in 
vectorial capacity (Hare & Nasci 1986; Agudelo-Silva & 
Spielman 1984). However, laboratory studies show that larval 
Anopheles spp. that survive normally lethal doses of Bacillus 
sphaericus have reduced susceptibility to malaria as adults 
(Young et al. 1990). Whether those adults, treated with 
Bacillus spp. as larvae, that do become infected with malaria 
are capable of transmitting malaria has not been examined. 
Moreover, the impact of mild, sublethal doses of these agents 
on growth and immunity to malaria infections has not been 
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carefully examined. The hypothesis tested was: mosquitoes 
exposed to sublethal doses of Bti will be less likely to 
acquire and transmit malaria than unexposed mosquitoes. 
i 
Materials and Methods 
Two different sublethal doses of Bti were used in these 
experiments. Sublethal doses were designated as one-quarter 
and one-half of the dosage that was predetermined to cause 
50% mortality in trials conducted under the same conditions 
as the experiments. Fourth instar An. stephensi larvae were 
used in this experiment because this age group gave the most 
consistent results. Larval An. stephensi were reared for 10 
days in distilled water. At this time, the 4th instar larvae 
were either placed into 12.5 international units (ITUs) 
(group #1) or into 31.0 ITUs (group #2) of Bti aqueous 
suspension (Abbott Labs) in 400 ml of water. A control group 
was left untreated. Pupation began 2 days later, and pupae 
from these groups were collected, placed into separate cages 
and left to emerge. Five days after emergence, females were 
fed to repletion on infective mice. Infected mosquitoes were 
held for 21 days at 20 ± 1° c, 75 ± 5% relative humidity, and 
a 14L:10D photoregime. Once infective, mosquitoes were 
allowed to feed on naive hosts and transmission rates were 
compared. This experiment was repeated 5 times. 
Mosquito midguts were dissected 10 days after the 
infective blood meal to establish infection rates. Twenty- 
one days after the infective blood meal, five females were 
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removed from each group and both sets of salivary glands were 
removed from each mosquito. Sporozoites were counted as 
described in Chapter 2. 
i 
Winglengths of mosquitoes from each group were compared 
to determine if sublethal doses of Bti had an effect on the 
size of the adult mosquitoes. Mean winglength (mean ± SE) of 
females was 2.991 ± 0.042 for group #1 (12.5 ITUs), 2.996 ± 
0.036 for group #2 (31 ITUs), and 2.999 ± 0.044 for the 
control group. These means are not statistically different 
(p = 0.9) . 
Mosquitoes were dissected immediately after probing to 
determine if oocysts were present on the gut wall. If 
oocysts were seen on the gut wall, the mice were retained and 
blood smears were taken every day for 3 wks. 
Results and Discussion 
When numbers of oocysts were compared (Fig. 5.1), 45% of 
the 47 control mosquitoes dissected were found to be 
uninfected. Forty-four mosquitoes from group #1 and the 43 
mosquitoes from group #2 were dissected; 25% and 35% 
respectively were uninfected. The z-test for probability 
(Daniel 1987) showed that while group #1 and group #2 were 
not statistically different, together they were different 
than the control group (p = 0.05); the control group was more 
ii-k^ly to be uninfected. The mean number of oocysts per 
infected mosquito was compared for each group (Fig. 5.2). 
The mean number of oocysts was 4.3 ± 0.69 for the control 
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group, 4.1 ± 0.67 for group #1, and 3.2 ± 0.64 for group #2. 
These means were not statistically different (p = 0.5) . 
Sporozoite numbers for the three groups were also 
i 
compared (Fig. 5.3) . The mean number of sporozoites was 9 09 0 
± 4565 for the control group, 2814 ± 1378 for group #1, and 
3257 ± 1389 for the group #2. These means were not 
statistically different (p = 0.3). 
Infective mosquitoes from each group were allowed to 
feed on one naive host for 5 min. Among the 13 control 
mosquitoes that probed, 2 transmitted malaria (15%). Among 
the 2 6 mosquitoes from group #1 that probed, 3 transmitted 
malaria (12%) . Among the 19 mosquitoes from group #2 that 
probed, 2 transmitted malaria (11%) . The z-test for 
probability (Daniel 1987) indicated no significant difference 
in transmission rates between the three groups (Table 10) . 
When 3rd instar An. quadrimaculatus larvae were treated 
with doses of B. sphaericus that produced -50% mortality, it 
was found that adult mosquitoes emerging from the treatment 
group were less susceptible to infection by P. berghei than 
mosquitoes in the control group (Young et al. 1990). This 
effect occurred in the early stages of infection since the 
mean numbers of oocysts in infected control and treatment 
groups were not different (Young et al. 1990). In addition, 
when 2nd and 3rd instar An. stephensi were treated with an LD 
70 dose of either B. sphaericus or B. thuringiensis H14, 
female mosquitoes emerging from the treatment groups were 
less likely to become infected with P. yoelii than the 
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controls (Notreau & Karch 1983) . Mosquitoes emerging from B. 
sphaericus treatment groups also had significantly fewer 
oocysts than mosquitoes from controls; mosquitoes from B. 
i 
thuringiensis H14 treatment groups did not show this 
difference (Notreau & Karch 1983). The conclusion drawn from 
both of these experiments was that Bacillus spp. not only 
have a lethal effect on mosquito larvae, but they also have a 
deleterious effect on parasite acquisition (Notreau & Karch 
19 83; Young et al. 1990) . 
Investigations on the histopathology caused by B. 
thuringiensis indicate that the effects of exposure to this 
microbial pesticide are localized in the midgut of affected 
insects. In Heliothis armigera, B. thuringiensis exposure 
led to destruction of the peritrophic membrane and damage to 
the distal ends of columnar epithelial cells (Salama & 
Sharaby 1985). If this same effect occurs in mosquito larvae 
exposed to Bacillus spp. , and if it were carried over to some 
extent in adults emerging from larvae that survived this 
exposure (perhaps by damage to embryonic midgut—precursor 
cells), it would seem likely that susceptibility to malaria 
would increase, not decrease. Plasmodium spp. ookinetes 
migrate through the midgut epithelium and localize beneath 
the basal lamella prior to rounding up to form oocysts and 
undergoing sporogony. Anything that interrupts the integrity 
of the midgut epithelium should increase its penetrability. 
However, there is evidence that different modes of midgut 
epithelial penetration are possible. In susceptible natural 
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vectors, the proposed mechanism is an intercellular route via 
recognition and specific binding sites (Meis et al. 1989) . 
In susceptible exotic vectors, binding sites may not be 
present, and migration of ookinetes is intracellular, causing 
damage to epithelial cells and subsequent decreased life span 
of the vector (Meis et al. 1989). In the second case, damage 
to epithelial cells mediated by larval exposure to Bacillus 
spp. may increase susceptibility to malaria infection. 
However, if specific binding sites for ookinetes exist on 
mosquito epithelial cells as has been suggested (Rudin & 
Hecker 1989), and these sites are disrupted by exposure to 
Bacillus spp., ookinete penetration may be blocked. 
Sublethal doses of Bti also appear to have an impact 
during the early stage of infection since infected mosquitoes 
from both control and Bti treatment groups had similar 
numbers of oocysts. However, mosquitoes from groups treated 
with sublethal doses of Bti appeared to be more susceptible 
to infection than mosquitoes from the control group. This 
effect, where there is a stimulatory response rather than an 
inhibitory one at sublethal doses of a pesticide, has been 
described for other pesticides and is known as a hormetic 
effect (Stipanovic et al. 1986; Mukherjee & Ramachandran 
1989) . 
It has been observed that the use of sublethal levels of 
Bti could lead to the emergence of larger mosquitoes that may 
be more capable of transmitting disease organisms (Agudelo- 
Silva & Spielman 1984). The discovery that sublethal levels 
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of Bti also appear to increase the susceptibility of treated 
mosquitoes to malaria makes it doubly important that care be 
exercised when Bti is used as a malaria control measure. 
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Fig. 5.1. Effect of treatment on actual oocyst number 
in Anopheles Stephensi treated with different levels of 
Bti. Group sublethal 1 (sll) received 12.5 ITUs of 
Bti. Group sublethal 2 (sl2) received 31 ITUs of Bti. 
The control group was untreated. 
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Fig. 5.2. Effect of treatment on mean oocyst number in 
Anopheles stephensi treated with different levels of 
Bti. Group sublethal 1 (sll) received 12.5 ITUs 
Group sublethal 2 (sl2) received 31 ITUs of Bti. 
control group was untreated. 
of Bti. 
The 
79 
group 
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Fig. 5.3. Effect of treatment on mean number of 
sporozoites in Anopheles Stephensi treated with 
different levels of Bti. Group sublethal 1 (sll) 
received 12.5 ITUs of Bti. Group sublethal 2 (sl2) 
received 31 ITUs of Bti. The control group was 
untreated. 
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CHAPTER 6 
INTRINSIC FACTORS 
Effect of Developing Oocysts of Plasmodium crallinaceum on 
Blood-Feeding and Egg Laving in Aedes aecrvuti 
Introduction 
Avidity for blood can be defined as a desire or 
eagerness to blood feed. However, blood feeding is risky 
(Walker & Edman 1985), and each gonotrophic cycle decreases 
the probability of mosquito survival (Nayar & Pierce 19 80; 
Ungureanu 1974). Thus, it seems likely that the presence of 
immature oocysts might have the effect of inhibiting blood 
feeding or egg laying until the mosquito becomes infective. 
Delays in either feeding or egg laying might occur if the 
parasite would benefit by increasing the probability of its 
transmission. These experiments examine whether developing 
oocysts promote the survivorship of the vector by inducing 
delays in subsequent egg-laying and blood-feeding. 
Materials and Methods 
Avidity for blood among infected and uninfected 
mosquitoes was tested using a Feinsod and Spielman 
olfactometer (Feinsod & Spielman 1979). Aedes aegypti were 
reared according to the protocol for large mosquitoes 
described in Chapter 2. Half of the mosquitoes reared were 
allowed to feed to replete on an infected chick; the other 
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half were given an uninfected blood meal. Groups of females 
from each test group were evaluated daily in separate 
olfactometers for a 10 min period. Testing began 4 days 
i 
after the initial infected or uninfected blood meal and ended 
12 days after the initial blood meal, at which time the 
mosquitoes should have been infective. Mosquitoes were 
allowed access to 10% sugar solution between tests. Both 
host-seeking and non-host-seeking groups of infected 
mosquitoes were dissected after each trial to confirm their 
infective status. 
Egg laying was evaluated by placing single infected or 
uninfected mosquitoes into separate cages for 1 week 
immediately following blood feeding. Each cage was provided 
with a 25 ml beaker half-filled with water and lined with 
paper toweling for egg laying. Mosquitoes were checked twice 
daily until egg laying began. 
Results and Discussion 
A minimum of 3 0 mosquitoes from each group were placed 
into the olfactometer each day and given the opportunity to 
host-seek. A different group of mosquitoes was used each 
day, and this experiment was repeated twice. Mosquitoes were 
allowed access to 10% sugar solution between trial, but were 
not allowed to blood feed. Although avidity varied from day 
to day, both infected and uninfected mosquitoes showed 
similar patterns of host-seeking (Fig 6.1). The rise in 
avidity that occurred in both groups following day 4 can be 
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attributed to the normal rise in avidity seen in Ae. aegypti 
after oviposition (Klowden 1988). Because a drop in host¬ 
seeking was seen after day 10 in both infected and uninfected 
t 
mosquitoes, it is possible that the apparent lessening of 
avidity may be age related. When numbers of host-seeking 
mosquitoes from each group were compared using ANOVA, no 
differences were found (p = 0.8). Preliminary data also 
indicated that there was no statistically significant delay 
found in timing of oviposition in infected and uninfected 
mosquitoes, although two of the infected mosquitoes did lay 
on day 5, a day later than the uninfected mosquitoes (Table 
11) . 
Klowden (1990) found that host-seeking is inhibited by 
the presence of a full blood meal in Ae. aegypti that have 
previously sugar-fed, but not among sugar deprived females. 
Oocyte maturation causes this inhibition to continue until 
eggs are oviposited. This inhibition has both physical and 
humoral mechanisms (Klowden 1990) that could be exploited by 
the developing malarial parasites to inhibit host-seeking 
until the mosquito becomes infective. It is not uncommon for 
parasites to influence the behavior of their hosts, and such 
changes usually increase the opportunities for the parasite 
to be transferred to new hosts (Rossignol et al. 1984; 
Rossignol & Rossignol 1988; Dye 1990) . However, in these 
preliminary experiments based on work done using an avian 
malaria and an exotic vector (Ae. aegypti), neither avidity 
nor egg-laying appeared to be inhibited. Although host- 
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seeking may be risky for the mosguito (Walken & Edman 1985), 
inhibition of host-seeking would not be desirable if the 
developing parasite needed the nutrients provided by 
i 
additional blood meals. 
A single infected blood meal does not provide optimal 
nutrition for the developing oocysts (Samish et al. 1991) . 
Carbohydrates were found to have little effect on the 
development of sporozoites (Weathersby & Noblet 1973). 
However, additional blood meals, given while oocysts were 
developing, resulted in an increase in the number of 
sporozoites produced (Vanderberg & Nawrot 1968). 
87 
Fig. 6.1. Avidity of infected and uninfected Aedes 
aegypti. 
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Table 11. Timing of oviposition in malaria-infected 
and uninfected Aedes aegypti 
n 
Control Infected 
8 7 
# infected 0 7 
ave. # days until 4 4.3 
egg laying begins 
SOURCE 
GROUP 
ERROR 
ANALYSIS OF VARIANCE 
SUM-OF-SQUARES DF MEAN-SQUARE 
0.305 1 0.305 
1.429 13 0.110 
F-RATIO 
2.773 
P 
0.120 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 
f 
The first hypotheses tested was: large mosquitoes 
transmit malaria to more hosts during multiple feeding than 
small mosquitoes (Chapter 3). The major practical importance 
of these experiment is the realization that small vectors 
produced under less suitable conditions (which may 
predominate in certain habitats and at certain times of the 
year) may be insignificant in transmission and therefore need 
not be controlled. This is extremely useful information when 
larval vector control is the strategy employed to interrupt 
malaria transmission. Anopheline larval control is an 
increasingly appealing strategy given the development and 
spread of drug and adulticide resistance, and the 
discouraging results from early vaccine trials (Cherfas 
1990). 
With transmission of avian malaria by Aed.es negypti., my 
hypothesis appears to be true. Small mosquitoes were found 
to be less likely to transmit avian malaria than large 
mosquitoes. However, transmission of rodent malaria by An. 
Stephensi appears to be best accomplished by smaller 
mosquitoes, when mosquitoes were exposed to multiple hosts 
over a short time period. When mosquitoes were exposed to 
multiple hosts over the course of three days, larger 
mosquitoes transmitted malaria more effectively. 
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Hypothesis #2 was: sugar taken before an infected blood 
meal, and blood meals taken after an infected blood meal, 
will increase acquisition and transmission of malaria 
(Chapter 4). Aedes aegypti that were given a sugar meal 
prior to the infective blood meal did not show any increase 
in ability to transmit malaria compared to mosquitoes given 
only water. In addition, mosquitoes that were allowed to 
blood feed every day after the infective blood meal were less 
likely to become infected. Comparisons of oocyst number and 
sporozoite number between groups showed no significant 
differences. Thus, my hypothesis was rejected. 
The third hypothesis tested was: mosquitoes exposed to 
sublethal doses of Bti will be less likely to acquire and 
transmit malaria than unexposed mosquitoes (Chapter 5). 
Previous laboratory studies showed that larval An. 
quadrimaculatus, surviving normally lethal doses of B. 
sphaericus, have reduced susceptibility to malaria as adults 
(Young et al. 1990). I found that sublethal doses of Bti 
increased the probability that mosquitoes would become 
infected. This phenomenon, known as hormesis, has been 
documented for other pesticides and may be a common event 
(Ramachandran et al. 1988). Thus, my hypothesis was 
rej ected. 
The last hypothesis was: developing oocysts promote the 
survivorship of the vector by inducing delays in subsequent 
egg laying and blood-feeding (Chapter 6). When comparing 
malaria-infected and uninfected Ae. aegypti, no difference 
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was seen in either avidity or timing of oviposition, two 
behaviors that could lead to a decrease in blood feeding. 
Reduced blood feeding by infected mosquitoes would not 
i 
be selected for if either additional blood meals provided 
nutrients needed for oocyst growth and maturation or if sugar 
feeding were not an option and the mosquitoes needed blood 
meals to survive. Data collected in Thailand suggests that 
highly anthropophilic Ae. aegypti may survive entirely on 
blood and never sugar feed (Edman et al. 1992) . Whether this 
also is true for Anopheles is not known, although it has been 
found that Anopheles commonly take small blood meals on a 
daily basis (Briegal and Horler 1993). These data suggest 
that malaria parasites do not affect the blood feeding 
behavior of the vector. However, the data are preliminary 
and are based on work done using an avian malaria and an 
exotic vector. More work needs to be done before it can be 
concluded that malaria parasites do not affect the frequency 
of blood feeding by the vector. 
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APPENDIX A 
MALARIA LIFE CYCLE 
Bursting Cyst 
Oocyst 
Sporozoites 
Midgut 
Macrogamete 
Human Skin 
Gametocyte 
Erythrocyte 
Hypnozoite 
(Hepatic 
Dormancy) 
Salivary 
Gland 
Ruptured 
Erythrocyte 
Erythrocytic 
Schizont 
Merozoites 
o 
d\ 
Erythrocyte 
Trophozoite 
Mature 
Liver Schizont 
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APPENDIX B 
i 
MACDONALD / GARRETT-JONES MODEL 
VC 
n 
ma p 
-In p 
VC = vectorial capacity (parasite inoculation rate or 
infections disseminated/case/mosquito/day) 
m = vector density in relation to host 
a = man biting rate (feeding frequency * human blood 
p = probability of vector survival (daily) 
n = parasite extrinsic incubation period (days) 
Note: In is the natural log (loge) 
new 
ndex) 
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